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Abstract: The progression of epithelial precancers into cancer is 
accompanied by changes of tissue and cellular structures in the epithelium. 
Correlations between the structural changes and scattering coefficients of 
esophageal epithelia were investigated using quantitative phase images and 
the scattering-phase theorem. An ex vivo study of 14 patients demonstrated 
that the average scattering coefficient of precancerous epithelia was 37.8% 
higher than that of normal epithelia from the same patient. The scattering 
coefficients were highly correlated with morphological features including 
the cell density and the nuclear-to-cytoplasmic ratio. A high interpatient 
variability in scattering coefficients was observed and suggests identifying 
precancerous lesions based on the relative change in scattering coefficients. 
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1. Introduction 

Dysplasia is a histological precursor of cancers originating from stratified squamous epithelia. 
The cancerization is often accompanied by subcellular structural transformation such as 
enlarged nuclei, an increased nuclear-to-cytoplasmic ratio (N/C), and irregularly shaped and 
hyperchromatic nuclei in the epithelium [1–3]. These features are used to identify 
precancerous lesions in current histopathological diagnoses for which part of the tissue shall 
be removed. 

Many studies have indicated that dysplastic progression changes the light scattering 
properties of cellular structures such as rises in total scattering cross-section and 
backscattering cross-section [3–7]. The Richards-Kortum group has applied a rigorous 
numerical electromagnetic technique, the finite-difference time-domain (FDTD) method, to 
calculate the scattering properties of individual cell nuclei and cells of the cervical epithelium 
[3,4]. The studies have concluded that the total scattering cross-sections and backscattering of 
epithelial cells increase with the development of dysplasia. Alternatively, the Backman group 
has modeled the refractive-index (RI) distributions of biological tissue with the Whittle–
Matérn correlation function based on electron microscopic images and derived the correlation 
between the numerical tissue model and scattering coefficients [5,6]. The previous studies 
provide valuable insights into the correlations between structures and scattering properties of 
soft tissue. However, the actual RI values and distributions of cellular structures in the 
epithelium are unknown. Therefore, these numerical methods are not suitable to quantify the 
scattering coefficients of real tissue specimens. 

In order to estimate the scattering properties of tissue specimens, Wang et al. and Xu have 
proposed a scattering-phase theorem to estimate the scattering coefficients and anisotropy 
factors of thin tissue slices from quantitative phase images of the slices [8,9]. The results of a 
preliminary study demonstrated that the malignant prostate tissue had higher scattering 
coefficients than normal tissue [10]. This promising method has not been used for 
investigating the differences in scattering coefficients between normal and precancerous 
epithelia until now. 

A few techniques have been proposed to experimentally estimate the scattering coefficient 
of the epithelium for the in vivo diagnosis of precancers. Reflectance confocal microscopy [1] 
and optical coherence tomography [11–15] have been used to estimate the scattering 
coefficients of cervical and oral epithelia by fitting the depth-dependent decay of the singly 
backscattered light. The results suggest that the scattering coefficient is a promising 
biomarker for differentiating precancerous dysplasia from low-grade dysplasia or normal 
tissue [14–17]. However, the assumptions that the backscattering cross-section remains 
constant throughout the epithelial thickness may not be valid [18], rendering the estimation of 
scattering coefficients unreliable. Another group of techniques rely on detecting multiply 
scattered light which is also known as diffuse reflectance to estimate an average scattering 
coefficient of the tissue based on the radiative transport equation or Monte Carlo simulations 
for photon migration [19–21]. There have been recent efforts to estimate the scattering 
coefficient of the relatively thin epithelial layer in addition to the conventional estimation of 
the scattering and absorption coefficients of the semi-infinitely thick stromal layer [22–25]. 
Although promising, the methods have not achieved accurate extraction of the scattering 
coefficient of the epithelium in vivo. 

The objective of this study is to quantify the scattering coefficients of normal and 
dysplastic epithelia in ex vivo esophageal specimens and determine the feasibility of using the 
scattering coefficient as a biomarker for precancerous epithelium. We quantified two-
dimensional (2-D) phase images and three-dimensional (3-D) RI distributions of esophageal 
tissue slices using digital holographic microtomography (DHμT), and estimated the scattering 
coefficients of the epithelia by the scattering-phase theorem. The correlations between the 
tissue morphology, RI distribution and scattering coefficient were investigated. 
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2. Methods and materials 

2.1 Instrumentation: digital holographic microtomography (DHμT) 

We acquired 2-D phase images of tissue slices using DHμT which is essentially an imaging 
phase-shifting Mach-Zehnder interferometer [26]. Briefly, the output beam of a 532 nm 
continuous-wave diode-pumped solid-state laser was expanded before being divided into 
sample and reference beams. A piezoelectric actuator generated random phase shifts between 
the two beams. The sample beam was arranged to make plane-wave illumination on a 
transparent specimen. The transmitted and forwardly scattered field of the specimen was 
collected by an objective lens (Olympus UPLSAPO 100 XO, 1.4 NA) and recombined with a 
uniform reference beam to form interference images of the specimen, which were acquired by 
a high-speed CMOS camera (Point Grey Co.; Gazelle GZL-CL-41C6M-C) with a transverse 
magnification of about 85. A so-called advanced iterative algorithm was implemented to 
simultaneously retrieve the phase shifts and a quantitative phase image of the specimen from 
six interferograms [27]. For 3-D RI imaging, two galvanometer-based scanning mirrors were 
rotated to change the incident angle of the sample beam upon the specimen and 2-D phase 
images acquired within the angles of ± 65° were used to reconstruct a 3-D RI distribution of 
the specimen based on optical diffraction tomography [26]. The measured spatial resolution 
was approximately 0.35 μm in both axial and transverse dimensions. 

2.2 Preparation of samples 

We obtained histologically normal and precancerous esophageal epithelial tissue specimens 
from 14 patients diagnosed with upper aerodigestive tract cancer (squamous cell carcinoma). 
The specimens were taken before any chemo-irradiation. This study was approved by an 
Institutional Review Board of National Taiwan University Hospital, and informed consent 
was obtained from the subjects. The enrollment procedure has been previously reported 
[28,29]. For each patient, two or three fresh esophageal specimens taken from different sites 
of the esophagus were embedded in paraffin. For each paraffin-embedded tissue specimen, 
two adjacent 4 μm-thick slices were cut with a Leica RM2125 rotary microtome (Leica 
Microsysthems, Wetzlar, Germany) and laid on two separate glass slides. The tissue slices 
were deparaffinized with xylene and hydrated with an alcohol gradient (100%, 95%, 85%, 
75% and 50%). One of the slices was immersed in phosphate buffered saline to measure 2-D 
phase images of the tissue slice using DHμT. The other slice was stained with hematoxylin 
and eosin (H&E) for pathological diagnosis given by a certified pathologist (CPC). 

2.3 The scattering-phase theorem and validation 

The scattering-phase theorem was used to estimate the scattering coefficients of esophageal 
epithelia from selected areas. According to the scattering-phase theorem, the light progression 
in a thin slice of forward-peaked scattering medium can be described by anomalous 
diffraction. If the slice thickness is much less than the inverse of the scattering coefficient, the 
scattering coefficient and reduced scattering coefficients are expressed as [8] 
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where L is the slice thickness, ( ),x yφΔ  is the spatial average of phase fluctuations, and 
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,x yφ∇  is the spatial average of the phase gradient intensity [9]. The k = 2πn0/λ term is 
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the wave number, n0 is the average refractive index of the medium, and λ is the wavelength of 

the light source. Anisotropy factor, g, can be computed as ( )'1 /s sg μ μ= − . 

To validate the accuracy of the scattering-phase theorem, we calculated the scattering 
coefficients of tissue slices by the FDTD method to provide a gold standard. The 3-D RI 
distribution of the esophageal epithelium with a size of 30 μm × 30 μm × 3.1 μm was 
obtained by DHμT and fed into home-made FDTD software [30] to calculate the differential 
scattering cross-sections at wavelengths ranging from 400 nm to 700 nm. The scattering 
coefficient of the tissue slice was calculated as [31] 

 
4

1
,s d d

V π
σμ Ω=   (3) 

where σd is the differential scattering cross-section with the dimension of areas per solid angle 
and V is the tissue volume. σd is equal to the absolute square of the scattering amplitude 
calculated by the FDTD software. 

2.4 Analysis of scattering coefficients of esophageal epithelia 

Using the scattering-phase theorem to calculate the scattering coefficients of epithelial tissue 
requires the tissue cut into thin slices. A previous study showed that the processes of fixation 
and paraffin embedding, which are necessary for cutting thin tissue slices, change not only the 
cellular RI but also the morphology [32]. As a result, the scattering coefficients increase 
significantly due to the shrinkage of volume and the increased standard deviation of RI. 
Before applying the scattering-phase theorem to estimate the scattering coefficients of fresh or 
in vivo epithelial tissue from tissue slices, we compensated for the volume shrinkage by 
expanding the length, width and thickness of the tissue slices with the same factor of 1.12, 
which is the cube root of the tissue volume shrinkage ratio. The volume shrinkage ratio was 
estimated by comparing the average cellular volume of fresh oral epithelial tissue to that of 
the same specimen after the specimen was paraffinized, cut into thin slices and deparaffinized 
[32]. The change in the standard deviation of the phase due to the paraffin embedding-
removal process was previously investigated in vitro by comparing the 3-D RI images of the 
same epithelial cells before and after the fixation and paraffin embedding-removal processes. 
It was found that the standard deviations of RI increased by an average factor of 2.11 [32]. In 
the current study the standard deviation of the phase distribution of every selected epithelial 
area was divided by 2.11 to compensate for the influences of fixation and paraffin embedding-
removal. 

For the ease of calculation using Eq. (1) and Eq. (2), the epithelial layer was divided into 
30-μm wide rectangular regions of interest (Fig. 1) and the physical thickness of the slices 
was verified by the 3-D RI distribution obtained with DHμT. We investigated the epithelial 
tissue in two groups based on the pathological diagnoses: the normal group including normal 
and mild dysplasia, and the precancerous group including moderate dysplasia and severe 
dysplasia. Mild dysplasia is considered non-dysplastic because it has low risk to develop into 
cancer and is recommended to be checked by follow-up endoscopic examinations. 
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Fig. 1. Examples of (a) a phase image of the unstained slice, and (b) a bright-field image of the 
H&E stained slice from the same esophageal specimen. Selected rectangular regions for the 
scattering-coefficient analysis are indicated with dashed lines in (a). 

3. Results 

3.1 Scattering coefficients calculated by FDTD and scattering-phase theorem 

A representative 3-D RI distribution of a 30 μm × 30 μm × 3.1 μm region of the esophageal 
epithelium is show in Fig. 2(a). The results in Fig. 2(b) show that the wavelength-dependent 
scattering coefficients obtained using Eq. (1) are consistent with those obtained with the 
FDTD simulation. The percentage deviation between the scattering coefficients calculated 
with the two methods was 5.1%. 

 

Fig. 2. Results of verifying the accuracy of estimating the scattering coefficients of esophageal 
epithelium by the scattering-phase theorem: (a) 3-D RI distribution, and (b) the scattering 
coefficients calculated with the FDTD method (blue squares) and the scattering-phase theorem 
(red circles). 
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3.2 Statistical analysis of scattering coefficients and anisotropy factors 

The statistical results of the scattering coefficients and anisotropy factors of the normal and 
precancerous regions of each patient are summarized in Fig. 3. The mean (open squares), 
median (central line of the boxes), minimum and maximum values (crosses) as well as the 
first and third quartiles (the bottom and the top edges of the boxes respectively) are shown. 
The ends of the whiskers represent the minimum and maximum values which are not outliers. 
For each patient the precancerous epithelia showed noticeably higher scattering coefficients 
than the normal epithelia. The anisotropy factors of precancerous epithelia were slightly 
higher than those of the normal epithelia in all patients except for patients No. 3 and No. 14. 
The average intrapatient differences in the scattering coefficient and anisotropy factor 
between the precancerous and normal regions were 37.8% and 2.0%, respectively. Overall, 
the average scattering coefficients of normal and precancerous epithelia of the 14 patients 
were 152 ± 42 cm−1 and 206 ± 54 cm−1, respectively. The average anisotropy factors of 
normal and precancerous epithelia were 0.946 ± 0.028 and 0.964 ± 0.034, respectively. We 
then applied the one-tailed Student’s t-test to determine whether the differences were 
significant. The results demonstrate that for all the selected regions (N = 320) the scattering 
coefficients of the precancerous regions were significantly higher (p<0.001) than those of the 
normal regions. The anisotropy factors of the precancerous regions were also significantly 
higher (p<0.01) than those of the normal regions. Note that there were very high interpatient 
variabilities in the scattering coefficients and anisotropy factors of both the normal and 
precancerous epithelia (more results in Section 3.4). 

 

Fig. 3. Box-and-whisker plot showing the scattering coefficients and anisotropic factors of 
normal and precancerous esophageal epithelia. For each patient the average scattering 
coefficient of the precancerous epithelia (red) was significantly higher than that of the normal 
epithelia (blue). 

3.3 Correlation between scattering coefficients, cell density and N/C 

In order to investigate the correlation between morphological features and scattering 
coefficients of the epithelium, the cell density and the N/C of the selected regions were 
calculated based on images of the corresponding H&E stained slices. Representative bright-
field images and phase images of normal and precancerous epithelia from the same patient are 
shown in Fig. 4(a)-4(d). Figure 4(e)-4(g) show the localized scattering coefficient, cell density 
and N/C at various depths of the epithelial layer, respectively. Figure 4(e) illustrates that the 
lower one-third of the normal epithelium (diagnosed as mild dysplasia according to 
histopathology) had higher scattering coefficients, while in the precancerous epithelium 
(diagnosed as moderate dysplasia) the lower half of the epithelium showed elevated scattering 
coefficients. Similar trends can be seen in the cell density and N/C as shown in Fig. 4(f) and 
4(g), i.e. the precancerous epithelium showing higher cell density and N/C than the normal 
epithelium in the intermediate layers. The trends in cell density and N/C are consistent with 
the well-known histological hallmarks of normal and precancerous stratified squamous 
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epithelia. Furthermore, we calculated the Pearson’s correlation coefficients to quantify the 
correlation of the scattering coefficient to the cell density and N/C. The correlation coefficient 
between the cell density and scattering coefficient was 0.90 and the correlation coefficient 
between the N/C and scattering coefficient was 0.85. The results demonstrate that for the 
same patient the scattering coefficients of esophageal epithelia are highly correlated with the 
cell density and N/C. 

 

Fig. 4. Illustration of the scattering coefficient, cell density and N/C ratio. (a) and (c) are 
brightfield images of the H&E stained normal and precancerous epithelia, respectively. (b) and 
(d) are the corresponding phase images. (e), (f) and (g) are the depth-dependent scattering 
coefficient, cell density and N/C respectively of the selected regions (black solid lines) in (a)-
(d). 

3.4 Scattering coefficients of different patients 

We further investigated the high interpatient variability in the scattering coefficient. Figure 
5(a) shows the phase images of normal epithelia from two patients. Although the two normal 
epithelial regions have similar cell densities, the distributions of RI are significantly different 
as shown in Fig. 5(b), resulting in the high diversity of scattering coefficients in different 
patients shown in Fig. 3. The average cell densities and average scattering coefficients of both 
the normal and precancerous epithelia from each of the 14 patients are compared in a scatter 
plot (Fig. 6). The per-patient average cell density and average scattering coefficient show no 
correlation. The N/C is a similar morphologic feature to the cell density because images of the 
epithelia showed no significant change in the nuclear size between the normal and 
precancerous regions (data not shown). The results suggest that RI distributions differ 
significantly between individuals and dominate the scattering coefficients. The cause of the 
different RI distributions between patients is unknown and needs further research. 
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Fig. 5. Comparison of the epithelial phase and RI distributions between two patients. (a) 
Phase/RI images of normal epithelia from patients A and B. (b) Distributions of the RI of the 
selected regions (black dashed lines) in (a). The average RI of patient A and B are 1.378 ± 
0.009 and 1.369 ± 0.014, respectively. 

 

Fig. 6. Illustration of the correlation between per-patient average scattering coefficient and 
average cell density of the 14 patients. The correlation coefficients (γ) between the average 
scattering coefficients and the average cell densities are 0.02 and 0.13 for the normal and 
precancerous group, respectively. 

4. Discussion and conclusion 

The current study estimated the scattering coefficients of esophageal epithelia from ex vivo 
tissue slices. The effects of the histological processing on the refractive index and structure of 
the tissue were compensated for according to a previous study [32]. Specimens taken from 
different patients may have gone through slightly different processing, which could partly 
contribute to the high interpatient variability in the estimated scattering coefficients. For 
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specimens taken from the same patient the variability in specimen processing would be 
minimal. Therefore, the 37.8% intrapatient increase in scattering coefficients and 2.0% 
increase in anisotropy factors between precancerous and normal epithelia (Fig. 3) reflects 
changes in tissue structure and morphology that are associated with the progression of 
dysplasia. Influences of risk factors for esophageal cancer such as age, gender, tobacco 
smoking and alcohol consumption were not analyzed due to the limited size of samples in this 
pilot study. 

We hypothesized that the increased cell density and N/C are the main sources of the 
significantly increased scattering coefficients in precancerous epithelia. In order to support 
this hypothesis, we investigated the scattering coefficients of normal and precancerous 
epithelia with similar structures (i.e. in the superficial layers or the basal layers). The 
scattering coefficients of the superficial layers in the normal and precancerous areas were 90 
± 15 cm−1 and 93 ± 11 cm−1, respectively. The scattering coefficients of the basal layers in the 
normal and precancerous areas were 137 ± 16 cm−1 and 135 ± 17 cm−1, respectively. The 
basal layer showed significantly higher scattering coefficients than the superficial layers 
(p<0.001), which is also demonstrated in Fig. 4(e). Normal and precancerous epithelia 
showed no differences in scattering coefficients in either superficial or basal layers. The 
results demonstrate that the morphology may be a primary factor to affect the scattering 
coefficient. According to the electromagnetic theory elastic light scattering is caused by 
inhomogeneous distribution of RI. One can see in the RI images of the epithelia (Figs. 4 and 
5) that the nucleolus, the part of the cytoplasm surrounding the nucleus and the junction 
between cells generate the most contrast in RI. During the development of dysplasia cube-
shaped cells that resemble basal cells with a higher density and N/C gradually take the places 
of extended cells in the intermediate and superficial layers. Therefore, precancerous epithelia 
have denser high RI-contrast structures and thus higher average scattering coefficients than 
normal epithelia. 

Previous studies have investigated scattering coefficients of the epithelial tissue in organs 
including the oral cavity, uterine cervix and the skin, but the esophageal epithelium has not 
been explored. A previous reflectance confocal study investigated the scattering coefficients 
of ex vivo cervical epithelia after verifying that the reflectivity of nuclei, the main source of 
image contrast, was approximately constant throughout the epithelial thickness [16]. The 
study estimated the scattering coefficients at 810-nm wavelength to be 20-50 cm−1 in 
normal/low-grade epithelia and 55-150 cm−1 in precancerous epithelia. The scattering 
coefficients of normal and precancerous esophageal epithelia estimated by the current study 
are for the wavelength of 532 nm and can be transformed to be 100 cm−1 and 135 cm−1 
respectively for the wavelength of 810 nm, assuming that the scattering coefficient follows 
wavelength dependence of λ−1 [33]. Both studies indicate significantly increased scattering 
coefficients in precancerous epithelia. The scattering coefficients estimated by the current 
study are higher than those estimated by [16], which could be attributed to both different 
organs and different methods used. This discrepancy could be clarified by further research on 
cervical epithelia using the methods described in Section 2. In addition, the anisotropy factors 
of precancerous regions are statically higher than normal epithelia in the current study. A 
similar trend that the anisotropy factors of prostate tumors are greater than those of normal 
tissue has been reported in a previous study [10]. 

Knowing approximately the difference in scattering coefficients between normal and 
precancerous epithelia is very helpful in developing non-invasive diagnostic tools focused on 
quantifying the scattering coefficients of the epithelium in vivo. For example, for developing 
diffuse reflectance spectroscopy techniques, an error similar to 20% in the estimated epithelial 
scattering coefficient [22] would be sufficient to distinguish precancerous tissue from normal 
tissue. The observed high interpatient variability suggests a strategy of quantifying the 
epithelial scattering coefficients of normal regions on the same patient and identifying suspect 
lesions based on the relative change in scattering coefficients rather than using a fixed cut-off 
scattering coefficient for distinguishing precancerous tissue in all patients. 
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In summary, we estimated the scattering coefficients of fresh esophageal epithelia from 
quantitative phase images of thin tissue slices. The effects of fixation and paraffin embedding 
on tissue volume and RI were compensated for. The results show that precancerous epithelia 
have 37.8% higher average scattering coefficients than normal epithelia in the same patient. 
The increased scattering coefficient is highly correlated with increased cell density and N/C 
which are commonly used indicators in histopathology for diagnosing precancerous lesions. 
Therefore, the scattering coefficient could be a biomarker for precancerous lesions and has the 
potential to be quantified in vivo. The study provides useful guidelines for the development of 
in vivo diagnostic optical techniques using the scattering coefficient as a biomarker. 
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